Introduction
An important component of the lipopolysaccharide (LPS) is a highly polymorphic structure, the O-specific polysaccharide (OPS). The variations observed within a species are often detected serologically and used for constructing serotyping schemes to distinguish isolates. The O-serotyping scheme of Yersinia pseudotuberculosis currently consists of 21 serotypes (Bogdanovich et al. 2003 ) based on the distribution of about 30 different O factors within the species (Tsubokura and Aleksic 1995) . In contrast, those of Escherichia coli, for example, exhibit a greater structural variety with >180 forms recognized to date (Stenutz et al. 2006) . The OPS chemical structures and the corresponding OPS biosynthesis genes for 15 of the current 21 serotypes of Y. pseudotuberculosis have been elucidated with this study adding one more to the data set Kondakova et al. 2008 Kondakova et al. , 2009a Kondakova et al. , 2009b Kondakova et al. , 2009c Cunneen et al. 2009; De Castro et al. 2009 Kondakova, Shaikhutdinova, et al. 2009; Cunneen et al., 2011) .
There are generally three steps involved in OPS synthesis: nucleotide-linked sugar biosynthesis, assembly of the repeat unit by glycosyl transferases and O-unit processing. In Y. pseudotuberculosis, the genes responsible for OPS biosynthesis are commonly arranged in an OPS gene cluster between the hemH and gsk genes. In E. coli and Salmonella enterica, the OPS gene clusters reside at a different locus between galF and gnd. These OPS gene clusters are all transcribed from a 39 bp promoter region known as the JUMPStart (Just Upstream of Many Polysaccharide gene clusters) sequence (Hobbs and Reeves 1994; Reeves et al. 2003) .
A common feature of Y. pseudotuberculosis OPS gene clusters is the presence of a modular ddhDABC gene block downstream of hemH that has been identified in 12 of the 15 serotypes that have been sequenced. Serotypes O:7, O:9 and O:10 are the exceptions, which have been shown by sequencing and/or O-genotyping studies, not to contain this ddhDABC gene module (Bogdanovich et al. 2003) . This module encodes enzymes that synthesize a cytosine diphosphate-linked intermediate of a group of 3,6-dideoxyhexose (DDH) sugars present in the 12 relevant O units Samuel and Reeves 2003) . Guanine diphosphate (GDP)-3,6-dideoxy-L-xylo-hexopyranose (GDP-colitose, GDP-Col), present in O:6 and O:7, is synthesized via an alternate pathway which does not involve ddhDABC genes. Y. pseudotuberculosis is the only known species to exhibit all DDH sugars identified in nature, and it is unusual for such a large proportion of serotypes within a species to express related OPS structures and gene clusters .
One of the gene clusters remaining to be sequenced is that of serotype O:10, which is the focus of this report. To our knowledge, serotype O:10 has only been isolated from environmental sources, including raccoon dogs and water, and not from clinical samples (Fukushima et al. 2001) . Serotyping studies completed on O:10 (Tsubokura and Aleksic 1995) show that it shares an O factor with serotype O:6 for which the gene cluster was described in the accompanying paper (Cunneen et al., 2011) indicating a common feature in the O units. In this work, we have performed OPS structural and genetic analysis of Y. pseudotuberculosis serotype O:10. Our results showed that the O:10 OPS structure is very similar to that shared by E. coli O111 and S. enterica O35 (Wang and Reeves 2000) , consisting of one residue each
(D-GalpNAc) and D-glucopyranose (D-Glcp) in the backbone, with two Col sidebranch residues. Given the OPS diversity within a species, the sharing of common structures between multiple genera is well proven with several other cases reported to our knowledge: E. coli O55 and S. enterica O50 (Lindberg et al. 1981; Kenne et al. 1983 ); E. coli O157 and S. enterica O30 (Perry et al. 1986 ); E. coli O98 and Yersinia kristensenii O11 (Cunneen and Reeves 2007) ; E. coli O8 and Klebsiella O5 (Jansson et al. 1985) ; E. coli O9 and Klebsiella O3 (Prehm et al. 1976 ); E. coli O103 and Salmonella O55 ); E. coli O123 and Salmonella O58 ); E. coli O166 and Salmonella O66 ); E. coli O71 and S. enterica O28 (Hu et al. 2010 ); E. coli O85 and S. enterica O17 ); E. coli O127 and S. enterica O13 (Perepelov et al. 2010c ) and several cases of Shigella and E. coli serotypes (Liu et al. 2008) . The implications of this are discussed with regard to gene cluster acquisition and the evolutionary relationship of the OPSs of these genera.
Results

Composition of LPS
Compositional analyzes identified the neutral sugars Glc and Gal, Col and some smaller amounts of L-and D-glycero-D-manno-heptose. In amino sugar analysis, only GalN was identified. Except Col, which was L-xylo configured, sugars possessed the D-configuration. In linkage (methylation) analysis, t-Colp, 3,4,6-substituted Glcp, 3-substituted GalN and 4-substituted Galp were found.
LPS mild acid hydrolyzes
Since in chemical analysis the acid labile residue, Colp, was identified and the preliminary analysis of the nuclear magnetic resonance (NMR) spectra of OPS-1 (obtained by hydrolysis in 50 mM AcONa, containing 0.1% SDS) suffered from the overlapping of some key proton resonances, the intact LPS was subjected to mild acid hydrolyzes under various conditions with the aim to remove the one, or eventually both, Colp residue(s) and to obtain a product easier to study by NMR spectroscopy.
Analysis of the three products yielded from the intact OPS (Figure 1) showed that by varying the acid concentration only one of the two Colp residues was lost, namely residue A, which was partially removed using 1% AcOH yielding OPS-2. On the other hand, a regular polymer (OPS-3) was obtained after hydrolysis with 3% AcOH. Here, residue A was absent, whereas the other Colp, D, was unaffected from the treatment.
Applying stronger acid conditions (6% AcOH), the onedimensional 1 H NMR spectrum of the product (OPS-4) contained a splitted anomeric proton of residue E (Figure 1 ) that was assumed to originate from the partial removal of D but was not further investigated. On the basis of the above results, OPS-1 and OPS-3 were selected for a detailed NMR analysis.
NMR spectroscopy
The complete assignment of OPS-1 1 H and 13 C resonances was achieved by combining the information obtained from double quantum filtered correlated spectroscopy (DQF-COSY), total correlation spectroscopy (TOCSY), Nuclear Overhauser Enhancement Spectroscopy (NOESY), gradient heteronuclear single quantum coherence (gHSQC) and gradient heteronuclear multiple bond correlation (gHMBC) NMR experiments (Table I ). In the anomeric region shown, five anomeric protons (A-E, Figure 2) were identified, whereas the high-field region contained two methyl and two groups of methylene signals originating from two Colp residues and one N-acetyl methyl resonance (2.05 ppm) of GalpNAc.
The two spin systems A and D were assigned to the Colp residues. In both cases, starting from the anomeric signal, the two diasterotopic H-3 and the corresponding H-4 signals were identified by TOCSY correlations. Then, the scalar connectivity was interrupted due to the small coupling constant between H-4 and H-5. The latter was identified by its strong NOE connectivity with H-4. The α-configuration of both anomeric centers was proven by 3 J H1,H2 3.3 Hz. The chemical shifts of the ring carbon atoms were in agreement with those Fig. 1 . Expansion of the anomeric region of the 1 H NMR spectra recorded on the OPS fractions obtained from the LPS under the following conditions: OPS-1, 50 mM AcONa, pH 4.5, 100°C, 4 h; OPS-2, 1% AcOH, 100°C, 2 h; OPS-3, 3% AcOH, 100°C, 1.5 h; OPS-4, 6% AcOH, 100°C, 2 h. All samples were dissolved in D 2 O and recorded at the temperature indicated.
reported for the β anomer (C-1 99.5, C-2 67.9, C-3 38.5, C-4 69.9, C-5 75.7, C-6 17.2; Ovchinnikova et al. 2007) .
Residue B was α-Galp ( 3 J H1,H2 3.2 Hz). Its attribution was complicated due to the overlapping resonances of H-2, H-3 and H-5. The chemical shift of H-4 was assigned by TOCSY starting from the anomeric proton. H-4 gave three intra-residual NOE contacts (Figure 2 ), i.e. one strong each with H-3 and H-5 and another with H-6. The ring carbon chemical shift data were assigned by comparison with those reported for the reference compound (Bock and Pedersen 1983) . A low-field displacement of the C-4 signal (78.9 ppm) indicated glycosylation at O-4 of this residue, confirming the results of methylation analysis.
Residue C was α-Glcp ( 3 J H1,H2 4.0 Hz). The interpretation of the COSY spectrum identified proton signals up to that of H-5, which, however, did not display any scalar correlation with the H-6 protons. In the NOESY experiment, the signals of H-6 could be identified by strong NOE contacts between H-5 and H-6a,b (Figure 2 ). The assignment of the carbon chemical shifts proved that C was substituted at O-3, O-4 and O-6, i.e. the chemical shifts of C-3, C-4 and C-6 were shifted downfield to 75.7, 73.1 and 67.8 ppm, respectively.
Finally, the anomeric signal of E originated from β-GalpNAc substituted at O-3 ( 3 J H1,H2 7.8 Hz). The galacto stereochemistry was deduced from the TOCSY spectrum in which the signal of the anomeric proton was correlated up to that of H-4. Proton H-5 was identified by the NOESY experiment in which NOE contacts between H-5 and H-1 and H-4 were present and by the HMBC experiment in which H-5 was correlated with C-6. The chemical shift at 52.2 ppm identified C-2 bearing a nitrogen which was acetylated as proven by the de-shielded chemical shift of H-2 (4.05 ppm) and by the presence of N-acetyl proton and carbon signals at 2.05, 23.4 and 175.4 ppm, respectively. Due to glycosylation, the C-3 signal was shifted to low field (77.4 ppm) compared with the value of the unsubstituted monosaccharide (72.3 ppm; Bock and Pedersen 1983) .
The structure of the repeating unit was deduced from the NOESY spectrum ( Figure 2 ). Here, NOE connectivities originating from the anomeric signals of residues A and C were identified unequivocally, whereas the interpretation of those originating from the anomeric protons of D, B and E was less straightforward. The unequivocal inter-residual NOE contacts were between H-1 of A and H-3 of C, H-1 of B and H-4 of E and H-1 of C and H-4 and H-6a,b of B. The location of residues D, B and E was less immediate, due to the overlapping of H-3 of E with H-6a,b of C and H-4 of C with H-2 of E. It is worth to discuss further the importance of the NOE effect between H-1 of B and H-4 of E: this signal indicated the spatial proximity between the two protons, although C-3, and not C-4, of E was the glycosylated carbon. Consequently, this NOE cross peak was explained considering residue B linked at C-3 of E and as a consequence, pointing its anomeric proton toward H-4 of E, as described earlier (De Castro et al. Except Col that was L-xylo configured, sugars were D-configured. All residues are in the pyranosidic form. Chemical shifts for the N-acetyl group were 2.05, 23.4 and 175.4 ppm. Fig. 2 . Expansion of the proton and NOESY spectra of OPS-1 (600 MHz, 327 K).
The genetics and structure of the O-specific polysaccharide 2004). Thus, also the other NOE signals were now explainable: the NOE cross peak between H-1 of B and a signal at 3.90 ppm was assigned as the inter-residual NOE with H-3 of E ( Figure 2 ) and H-1 of D gave an NOE signal to H-6a,b of C. Finally, H-1 of residue E displayed intra-residual NOE signals with both H-3 and H-5, which are diagnostic for a β-configured residue, and one (strong) cross peak with a proton signal at 4.05 ppm, to which both H-2 of E and H-4 of C were assignable. Since H-1 and H-2 of E were in a trans di-axial arrangement (NOE signals absent), the signal at 4.05 ppm could unequivocally be assigned at H-4 of C.
The structure of OPS-1 was established (Figure 3 ) on the basis of the assigned NOE contacts, supported by the data obtained for OPS-3 (Table II) which lacked residue A due to its selective removal upon mild acid hydrolysis.
The structure of OPS-3 was assigned by NMR analogously. This differed by the lack of Col A that affected the chemical shifts of many ring protons, e.g. those of H-6a,b of C which did not overlap with H-3 of E and H-4 of C which was shifted to high field. Interestingly, the chemical shift of C-4 of C was shifted to high field due to the lack of the β-glycosylation effect of residue A, which was present in OPS-1. The interpretation of the NOESY spectrum was straightforward (Supplementary data, Figure S1 ); the following clear inter-residue correlations were found: H-1 of B with H-3 of E, H-1 of C with H-4 of B, H-1 of D with both H-6s of C and H-1 of E with H-4 of C. Anomeric protons of residues B and C showed an additional correlation with a group of protons at ca. 3.85 ppm. With regard to B, this signal was attributable to the intra-residue correlation with H-2 and to the inter-residue effect between H-1 of B and H-3 of E. In the case of C, this correlation could be due to its own H-3 proton signal or to H-6 (and H-3) of B; the first hypothesis was discarded since the distance and the reciprocal disposition between the two protons is not compatible with any NOE. The attribution of this cross peak to H-6 of B was inferred on the basis of the information from the NOESY spectrum measured for OPS-1.
Thus, the structure of OPS-3 was defined as depicted in Figure 3 which supported that of OPS-1. The structure of the OPS of serotype O:10 is very similar to those of the OPS from E. coli O111 and S. enterica O35 (Kenne et al. 1983; Wang et al. 1998) , differing only by the presence of a D-GalpNAc residue in the O unit instead of a N-acetyl-
OPS gene cluster sequence of serotype O:10 The O:10 OPS gene cluster obtained was 14.5 kb and consisted of 12 predicted open reading frames (ORFs) all transcribed in the 5′ to 3′ direction from a JUMPStart sequence (Figure 4 ). All the genes predicted from the structure were identified from Basic Local Alignment Search Tool (BLAST) results (Table III) : GDP-Colp biosynthesis genes, gmd, colB, colA, manC and manB; the OPS processing genes, wzx, wzy and wzz; three putative glycosyl transferase genes, wbzE, The letters used for residue labeling are as in Table I . Except Col that was L-xylo configured, sugars were D-configured. All residues are in the pyranosidic form. Chemical shifts for the N-acetyl group were 2.08, 23.6 and 175.5 ppm.
wbzF and wbzG and are named in accordance with the Bacterial Polysaccharide Genes Nomenclature (BPGN; Reeves et al. 1996) .
Discussion
OPS structure and sequence comparisons
The presence of a D-GalpNAc residue in Y. pseudotuberculosis O:10 rather than D-GlcpNAc is the only structural difference observed between the O:10 OPS and that of E. coli O111 and S. enterica O35 (Figure 3) . In Y. pseudotuberculosis, the first sugar of the O unit is usually D-GlcpNAc or D-GalpNAc , and this is believed to be the case in O:10. Incorporation of D-GalpNAc into the O unit has been shown for E. coli O157:H7 to be carried out by the initial transfer of D-GlcpNAc to undecaprenol phosphate by WecA, followed by conversion to D-GalpNAc by a Gne epimerase (Rush et al. 2010) , and this is thought to also apply to Y. pseudotuberculosis O:6 and O:7 (Cunneen et al., 2011) . The putative gne gene in the O:10 gene cluster shares 70.8% amino acid identity to that of O:6 and O:7 proposed to encode the UndPP-GlcNAc epimerase.
The most striking feature of the O:10 OPS gene cluster (Figure 4) is that it shares a block of six genes with E. coli O111 (colB to wbdM/wbzF), portraying 30-72% amino acid identity for the encoded proteins. ColB and ColA carry out the final steps of GDP-Colp synthesis and share the highest level of similarity within this module. Wzx and Wzy, the O-unit translocase and polymerase, respectively, have the lowest levels of similarity to their E. coli O111 homologs (Table IV) , which are, however, the only BLAST hits found, and the differences could relate to the change in initial sugar. Escherichia coli O111 WbdL and WbdM have been shown to be the Colp and D-Glcp transferases, respectively (Stevenson et al. 2008) , and their homologs, WbzE and WbzF, are the best candidates for the corresponding linkages in O:10. This is also supported by these protein pairs each having the same Pfam domain: WbzE and WbdL (Glycos_transf_2); WbzF and WbdM (Glycos_transf_1).
The remaining glycosyl transferase gene, wbzG, shares little to no homology with any of the glycosyl transferase genes of E. coli O111. BLAST analysis (Table III) shows that WbzG has 55% amino acid identity to Shigella boydii type 18 WbwZ, proposed to be the glycosyl transferase for a D-GalpA-(1→3)-D-GalpNAc linkage (Feng et al. 2005 ). There are other high-level hits for additional
Galp-(1→3)-GalpNAc linkages, and it is proposed that WbzG is responsible for the α-D-Galp-(1→3)-β-D-GalpNAc linkage in O:10.
The remaining genes include the widely distributed manB and manC genes that are at different ends of the conserved block in O:10 and E. coli O111, but have comparable similarity levels to the colB-wbdM gene block. Y. pseudotuberculosis O:6 and O:7 are the only other serotypes in this species to have Colp in their O units (Figure 3) , and the O:10 GDP-Colp genes have a higher level of similarity to these (Table IV: ranging from 69.9 to 87.6% amino acid identity). The remaining processing gene, wzz, has a much higher level of similarity to other Y. pseudotuberculosis wzz genes: with the O:10, O:6 and O:7 proteins sharing 86% amino acid identity. As for the majority of Y. pseudotuberculosis serotypes, wzz is directly upstream of gsk in O:10. In E. coli and S. enterica, the wzz gene is also generally conserved, but located outside of the OPS gene cluster.
Evolutionary relationships
Shared OPS structures in different species can arise due to the gene clusters sharing a common ancestor or be of independent origin. Those studied thus far appear to have evolutionary relationships whereby the two or three species involved retained their OPS gene clusters during divergence from a common ancestor, such as for E. coli O111 and S. enterica O35 (Wang and Reeves 2000) , or have a gene cluster that has transferred as a block from one species to the other, as in the case of E. coli O98 and Y. kristensenii O11 (Cunneen and Reeves 2007) .
The conserved block of six genes from colB to wbdM/wbzF in Y. pseudotuberculosis O:10 and E. coli O111 encodes the Table IV for other sequence identities). Figure drawn to scale. Serotype O:6 manB is in two fragments separated by an insertion sequence. Asterisk indicates fragments of genes.
The genetics and structure of the O-specific polysaccharide proteins most critical for the O:10 structure, indicating that the two gene clusters do have a common ancestry, but the situation is more complex than that for the shared structures referred to above. The divergence levels can be compared with those in the gene cluster for the enterobacterial common antigen (ECA), a repeat-unit polysaccharide that is generally present in this family. The 12 predicted ECA proteins of E. coli and Y. pseudotuberculosis have from 57.3 to 77.3% amino acid identity (average 70.1%), with wzx and wzy being close to the average. For our block of six genes, the range is 31.1-70.2% (average 51.5%), but 50.4-70.2% (average 59%) if wzx and wzy, which may have changed under selective pressure, are omitted. For four of the six genes, the divergence appears to be consistent with this gene block having been in the ancestral species and since diverged with species divergence. However, the matter is complicated by the fact that the colA and colB genes have much greater similarity to the genes in serotypes O:6 and O:7 (described in Cunneen et al., 2011) than to those in E. coli O111. A simple explanation would be that the O:6 and O:7 genes were derived from those in O:10 after its divergence from E. coli O111 and S. enterica O35. However, we need data for intermediate or related forms to be at all confident of the relationship between the O111 and O:10 gene clusters.
The wbzG and gne genes, near the 3′ end of the O:10 gene cluster, are required for the D-GalpNAc residue (gne) and the linkage of the second sugar to this residue (wbzG), which together distinguish O:10 from O111. It is interesting that the E. coli O111 wbdH gene required for the corresponding O111 galactosyl transferase is located at the other end of the gene cluster. The wbdH gene (for transfer of Gal to GlcNAc) must have replaced the wbzG/gne pair (for conversion of GlcNAc to GalNAc, and then transfer of Gal), or vise versa, but there is currently no basis for an opinion on which is ancestral, or for how this substitution occurred. Since both WbdH and WbzG have only 26.7% amino acid identity and each is related to other genes with the same respective function, substitution is the only likely mechanism. The other observable difference is that the manC/manB pair of genes is also located at opposite ends of the conserved block, in this case adjacent to the conserved block. There is no evidence to indicate how this difference in location arose. However, as the manC/manB pair of genes is widespread, it is possible that the gene pair involved was gained as part of an event importing gne and wbzG into the main chain, which was then followed by the Table III (Feng et al. 2007) . In this case, the E. coli O148 gene cluster is clearly ancestral, as that of S. dysenteriae 1 has a remnant wbbG pseudogene, and its wbbP gene is on a plasmid. Y. pseudotuberculosis O:10 and E. coli O111 have presumably completed a process of change that may well have had an intermediate such as is found in S. dysenteriae 1. However, in this case, we do not know which form is ancestral. The location of the O:10 gene cluster at a different chromosomal gene locus to E. coli O111 and S. enterica O35 indicates that if the ancestral gene cluster was in their common ancestor, one cluster must have migrated to a new locus. Examination of the O:10 gene cluster sequence revealed no gene remnants, insertion sequences or points of recombination giving no further information on the evolutionary origin of the O:10 OPS.
In conclusion, the Y. pseudotuberculosis O:10 OPS structure is very similar to the OPS structures of E. coli O111 and S. enterica O35, but unlike other such pairs that have been studied, the gene clusters have a more complex relationship than simply retention of the gene cluster from a common ancestor, sometimes with minor changes, or the transfer of the gene cluster from one species to the other. It seems likely that the ancestral gene cluster was in the common ancestor, but there have been rearrangements during divergence that cannot be unraveled without further information.
Materials and methods
Bacterial strain and growth
The Y. pseudotuberculosis serotype O:10 strain, 6088, isolated from a raccoon dog (Tsubokura and Aleksic 1995; Bogdanovich et al. 2003 ) was used in this study and routinely grown in Luria broth (LB) or on Luria agar. For fermentor cultivation of strain 6088, a 250 mL inoculum in LB was first grown overnight at 25°C on a rotary shaker at 200 rpm. Fermentor cultivation was done in a BIOSTAB B plus Santorius Fermentor with 4 L of Yersinia fermentor medium as described elsewhere ). During fermentation, pH was maintained at 7.4 by addition of 20% NaOH. The pO 2 of the culture was kept at 50% saturation by sterile airflow aeration and stirrer speed control. After 20-24 h fermentation at 25°C, the bacteria were killed by a final concentration of 0.5-1% phenol, washed with phosphate-buffered saline until the supernatant was clear and freeze-dried.
Isolation of LPS
The bacteria were washed successively with ethanol, acetone and ether resulting in 20.4 g dry mass, of which 10 g was extracted with hot phenol/water (Westphal and Jann 1965) . The obtained water phase was dialyzed, then lyophilized and ultracentrifuged (150,000 × g, 4°C, 4 h) three times. The final precipitate contained the purified LPS (117 mg, 1.2% of the bacterial dry mass).
General and analytical methods
Monosaccharides were analyzed as acetylated O-methylglycosides and as alditol acetates, as reported (De Castro et al. 2010b ). Identification of the 3,6-dideoxy-hexose monosaccharide derivative was possible by comparing its retention time with that of Col, present in the LPS from E. coli O111. The absolute configurations were determined by analyzing the acetylated chiral 2-octyl derivatives (Leontein et al. 1978) , LPS from E. coli O111 derivatized according to the same procedure and used as standard for Col absolute configuration determination. Partially methylated and acetylated alditols were obtained after hydrolysis (trifluoroacetic acid, 120°C, 1 h), reduction (NaBD 4 , 3 mg, 1 h, 20°C) and acetylation (Ac 2 O and pyridine, 150 μL each, 120°C, 20 min) of the methylated intact LPS (Ciucanu and Kerek 1984) and were recognized on the basis of their gas chromatographymass spectrometry fragmentation pattern and from the comparison of their retention time with the respective authentic standards.
Isolation of the OPS at different hydrolysis conditions
The lipid A moiety was cleaved from the LPS (10 mg) applying different mild acid hydrolysis conditions, and the OPS was recovered in the supernatant after centrifugation (8400 × g, 4°C, 20 min). The following acid hydrolysis conditions were used: 50 mM AcONa, pH 4.5, 0.1% SDS, 100°C, 4 h (yielding OPS-1); 1% AcOH, 100°C, 2 h (OPS-2); 3% AcOH, 100°C, 1.5 h (OPS-3); 6% AcOH, 100°C, 2 h (OPS-4).
OPS-1 was further purified by gel-permeation chromatography using Sephacryl HR-300 as adsorbent (1.5 × 94 cm, total volume 166 mL, eluent: 50 mM NH 4 HCO 3 , flow: 10 mL/h), monitored with a refractive index refractometer. Collected fractions were checked by 1 H NMR spectroscopy. OPS-1 was eluted in the total column volume and recovered in a yield of 30% with respect to LPS.
All the other OPS fractions were dialyzed, freeze-dried and screened by NMR spectroscopy. From these data, it was decided to analyze the structures of OPS-1 and OPS-3 in detail.
NMR spectroscopy NMR spectra of OPS-1 spectra were recorded at 323 K on a Bruker DRX-600 spectrometer equipped with a cryogenic probe. Spectra on OPS-3 were recorded with a Varian Inova 500 spectrometer (Consortium INCA, L488/92, Cluster 11) operating at 328 K with an inverse z-gradient probe. Each sample was solved in 0.5 mL of In the homonuclear solvent-saturated DQF-COSY, TOCSY and NOESY experiments, 512 FIDs of 2048 complex data points were collected, with 48 scans per FID and using the standard manufacturer software. The spectral width was set to 10 ppm, the frequency carrier was placed at the residual HOD peak, and mixing times of 120 and 200 ms were used for TOCSY and NOESY spectra, respectively. For gHSQC and gHMBC spectra, 512 FIDS of 2048 complex points were acquired with 50 scans per FID, the GARP sequence was used for 13 C decoupling during acquisition. Conversion of the Varian data and processing was performed with the standard Bruker Topspin 3.a program, and spectra were assigned using the computer program Pronto (Kjaer et al. 1994) .
DNA preparation, purification and sequencing Chromosomal DNA of strain 6088 was extracted from a 10 mL overnight broth and purified as described (Maloy 1990 ). Short-range polymerase chain reaction (PCR) was used to amplify and sequence the hemH, wzz and gsk genes identified previously (Bogdanovich et al. 2003) , using O:1b-based primers and high-fidelity VENT Taq Polymerase (Biolabs, Massachusetts), under the following cycling conditions: 94°C for 2 min followed by 30 cycles of 94°C for 30 s, 54-60°C for 30 s and 72°C for 1-2 min, depending on the expected product size, and lastly 72°C for 5 min. As previous data indicated a common factor for O:6 and O:10 (Tsubokura and Aleksic 1995), PCR screening for O:6-biosynthesis genes (Cunneen et al., 2011) was conducted and manC was identified. Primers were designed from the manC sequence obtained and used in long-range PCR with hemH-and wzz/gsk-specific primers, under the same conditions as for short-range PCR but with 3-4 min extension. The two PCR products obtained were 11 and 5 kb, respectively. PCR products were purified using the Ultraclean PCR clean up kit (Mo. Bio. Laboratories, California) and then sequenced at the Australian Genome Research Facility (AGRF) in Sydney, Australia, using the AB 3730xl sequencing platform.
Analysis of the OPS gene cluster sequence
To minimize sequencing errors, a consensus sequence was obtained by compiling forward and reverse traces using the PHRAP/PHRED package from the University of Washington Genome Centre and CONSED (Gordon et al. 1998 ). The consensus sequence was submitted to ORF Finder (http://www. ncbi.nlm.nih.gov/gorf/gorf.html) to identify potential ORFs, which were submitted to BLAST (Altschul et al. 1990 ). Sequence alignments were created using the Artemis Comparison Tool (Carver et al. 2005) . The DNA sequence derived from this study has been deposited into the GenBank database under accession number HQ396160.
Funding
This work was supported by an Australian Postgraduate Award to JJK and was funded in part by The Academy of Finland ( projects 104361 and 50441) to MS.
